Gallium and short baseline reactor neutrino experiments indicate a short-distance anomalous disappearance of electron antineutrinos which, if interpreted in terms of neutrino oscillations, would lead to a sterile neutrino mass inconsistent with standard cosmological models. This anomaly is difficult to measure at 1 km baseline experiments because its disappearance effects are degenerate with that of θ 13 . The flux normalization independent measurement of θ 13 at Daya Bay breaks this degeneracy, allowing an unambiguous differentiation of 1-3 neutrino oscillations and the anomalous disappearance at Double Chooz and RENO. The resulting anomaly is consistent with that found at very short baselines and suggests a downward revision of RENO's result for θ 13 . A MCMC global analysis of current cosmological data shows that a quintom cosmology is just compatible at 2σ with a sterile neutrino with the right mass to reproduce the reactor anomaly and to a lesser extent the gallium and LSND/MiniBooNE anomalies. However models in which the sterile neutrino acquires a chameleon mass easily satisfy the cosmological bounds and also reduce the tension between LSND and KARMEN.
Introduction
During the past 20 years, the gallium experiments GALLEX [1] and SAGE [2] have observed 1 14±5% [4] less neutrinos than expected from radioactive sources inside of the detector. While Lorentz violating [5] , CP violating [6, 7] and CPT violating [8] neutrino anomalies have disappeared in the last few months [9, 10, 11] , the gallium disappearance anomaly has been corroborated by a new calculation of reactor neutrino fluxes [12] . This new calculation suggests a 3.5% increase in theoretical fluxes from nuclear reactors, leading to a total flux which is about 5.7±2.3% higher than that observed at short baseline reactor experiments [13] . We will refer to this missing reactor neutrino flux as the reactor anomaly. The reactor and gallium anomalies stand out among neutrino anomalies because they occur in a relatively accessible environment 2 , which can and will be directly probed by future experiments, and yet their simplest interpretation in terms of oscillations of a 1 or more eV sterile neutrino [16] is in conflict with standard cosmology (for a recent analysis see Ref. [17] ).
Not all reactor neutrino disappearance is anomalous, reactor neutrinos also disappear as a result of oscillation between the three standard neutrino flavors. At distances below about 100 meters, all such oscillation is well within the experimental errors of current measurements. Above 100 meters 1-3 neutrino oscillation is relevant and above about 2 kilometers 1-2 oscillation is also significant. As the 1-3 mixing angle θ 13 was poorly measured until quite recently, it has not been possible to disentangle the reactor anomaly from 1-3 oscillation in 1 km baseline reactor experiments. This situation changed 3 months ago when the Daya Bay collaboration measured θ 13 by comparing neutrino fluxes observed at identical detectors at various distances from an array of reactors [18] . Following the proposal of Ref. [19] this allowed them to determine θ 13 independently of any assumptions about the overall flux normalization. Recently, with 3 months more data, the Daya Bay collaboration has determined θ 13 yet more precisely [20] .
In this note we will combine the results of the reactor neutrino experiments Double Chooz [21] , Daya Bay [18, 20] and RENO [22, 23] to simultaneously estimate the reactor anomaly and θ 13 . In particular the flux independent mixing angle obtained by Daya Bay allows for an unambiguous separation of standard mixing and anomalous disappearance at the other experiments. As has already been seen in the global fits in Refs. [24, 25] , greater reactor anomalies imply smaller mixing angles. Using the reactor anomaly measured at short baseline experiments we will find that the preferred mixing angle is lower than RENO's result. It is easy to extend our analysis to Palo Verde [26] and Chooz [27] experiments and to gallium experiments; however, as we will see in Fig. 2 , this extension does not change our results appreciably, so we will focus on the Daya Bay, RENO and Double Chooz results, confronting them with the reactor anomaly discussed in [13] . We did not use the latest data release from Double Chooz [28] which includes 142 days in which sin 2 (2θ 13 ) nearly doubled with respect to the first 86 days and is highly dependent upon the analysis used.
We will then consider theoretical models which may explain this anomaly consistently with cosmological constraints. We will see that a quintom dark energy model with a massive sterile neutrino is consistent with these anomalies at about 2σ. On the other hand a neutrino dark energy model [29] in which a sterile neutrino mass is proportional to the density of its environment [30] easily satisfies cosmological constraints and also reduces the tension between the positive appearance data at LSND and MiniBooNE and the negative results at KARMEN.
After this paper was completed we received the preprints [31, 32] which combine data from the same three experiments. Their analysis differs from ours in the treatments of the reactor anomaly and the total normalization of the theoretical reactor fluxes. Our analysis is 2-dimensional, simultaneously fitting for the anomalous disappearance and 1-3 oscillation induced electron antineutrino disappearance.
Disappearance Results from RENO
The RENO experiment consists of two detectors, one near and one far, placed near an array of six nuclear reactors. RENO's results [22] have been posted on the archive in two versions and have been extended at a recent talk [23] at the conference νTURN. As they do not provide information about the reactor fluxes, or even about the calibration of the machines as in Ref. [33] , no single reference is sufficient to reproduce the claimed results. However, by combining information from, for example, the most recent arXiv version and the νTURN talk we were able to reproduce the best mixing angle and flux deficit with an error of about one part in one thousand and to reproduce the χ 2 value to within the widths of the lines in their graph.
Following the analysis of Ref. [22] , we have included all neutrinos with prompt energies up to 12 MeV, however it has been claimed in Ref. [34] that the deficit of neutrinos above 6 MeV is largely unrelated to neutrino oscillation and serves to artificially deflate the best fit mixing angle. A adapting a 6 MeV cut would make the RENO result more compatible with the rate only analysis of the new Double Chooz data [28] which we have not used, increasing our best fit values of both θ 13 and the reactor anomaly. Fig. 3 of Ref. [22] provides the oscillation probability, for a given value of θ 13 , as a function of the weighted baseline L i , which is the average distance traveled by a neutrino detected at the ith detector. Ignoring 1 − 2 neutrino oscillations, which is reasonable within the errors at this baseline, the survival probability of neutrinos arriving at the ith detector is
where f ij is the fraction of the neutrino flux observed at the ith detector which originated at the jth reactor, given in table 1 of version 1 of [22] and also at the talk [23] , δm 2 13 is the difference between the squared masses of the first and third neutrino flavors and ρ j (E) is the fractional energy distribution of neutrinos emitted from the jth reactor. This is not equal to the quantity which is plotted in Fig. 3 , which is the survival probability at the weighted baseline
Nonetheless, as we will see the information contained in Fig. 3 is essential to reproduce RENO's analysis and to extrapolate the observed reactor anomaly.
To determine which values of the anomalous neutrino deficit and θ 13 best fit RENO's data, we used the formula (2.1). We used the fractional fluxes reported in table 1 of version 1 of [22] or equivalently page 6 of [23] and the normalization of the expected fluxes from figure 3 of version 2. There are several inequivalent ways of estimating the energy distribution ρ j (E), without making use of the unreleased reactor data. One can add 780 keV to the prompt energy spectrum reported in Fig. 4 E ν = E prompt + 780 keV.
(2.3)
However the statistical errors are large and the quality of the energy calibration is unknown. We found that in analyzing both RENO and Daya Bay data our fits matched those of the experimental groups more closely when we used the sample neutrino energy spectra of Fig. 1 .9 of Ref. [35] .
To estimate errors we used the pull parameter method of the second version of Ref. [22] , with χ 2 given by their Eq. (2). However as we did not wish to impose any theoretical bias upon the overall reactor flux, we did not restrict its value. We used the systematic errors reported in the second paper. When we optimized the reactor flux within the region that they described, our resulting χ 2 curve agreed with that shown on the top of RENO's Fig. 3 to within the widths of their lines.
The flux normalization and θ 13 are two free parameters. A flux only analysis, such as that performed by RENO, has only two data points, the fluxes observed at the two detectors. Therefore the effective number of degrees of freedom is 2 − 2 = 0, reflecting the familiar fact that with two parameters one can generically fit two unknowns. Thus it is of no surprise that the minimum χ 2 is equal to 0. This is true in their case, in which the reactor flux is optimized and then θ 13 is fit and it is true in our case, in which we wish to use RENO's data to fit both the flux deficit and θ 13 .
Using RENO's near and far detector fluxes reported in their Fig. 3 to determine the neutrino flux deficit and θ 13 we obtain essentially the same fit as was obtained by the RENO collaboration, seen as a horizontal stripe in Fig. 1 . The stripe is horizontal because, without knowledge of the theoretical flux, the reactor anomaly cannot be estimated.
However, RENO has tentatively reported the theoretical flux. Most recently, in the talk [23] they have provided a preliminary estimate of the anomalous flux deficit. Using their value of θ 13 they estimate this deficit to be 6%. We have performed a 2-dimensional fit on their new data, providing confidence intervals for both the anomalous flux deficit and θ 13 . Our result is the ellipse in the left panel of Fig. 2 . The center of the ellipse indeed corresponds to the best fit found by the RENO collaboration. Note that a greater anomaly means that less electron neutrinos are expected, because for example they have converted into sterile neutrinos, and so the deficit at both detectors is reduced. This can be compensated at the far detector by decreasing θ 13 , which explains the inclination of the ellipse and was already evident in the global analyses of Refs. [24, 25] .
Disappearance Results from Double Chooz
Although next year Double Chooz will have both a near and far detector, for now the data contains results from a single detector, which is compared with theoretical fluxes. The Double Chooz collaboration analyzed their data in a number of different ways, arriving at different best fit mixing angles. For the sake of uniformity, we will perform a pure rate analysis, using only the number of neutrinos observed, the theoretical flux and the baseline, even though this leads to large systematic errors [21] . As there is only one detector and both reactors are the same distance from that detector, in this case the spectrum dependence in the survival probability only enters via the energy-weighted quantity
which is easily extracted from Ref. [21] . Thus in this case we are not required to make any arbitrary assumptions about the isotope fractions in the reactors. The Double Chooz paper Ref. [21] was written after the upward revision in theoretical fluxes in Ref. [12] , in fact the upward revision was motived by its use at Double Chooz. Nonetheless Double Chooz did not normalize its data using the new fluxes, but instead using a hypothetical version of the Bugey4 experiment [36] with modified abundances for the four main fissioning isotopes to fix the flux normalization by hand. However they also reported the theoretical calculation for the flux using Ref. [12] , whose comparison with the observed flux we have used to determine their neutrino deficit.
In the analysis we use only a single data point, the total neutrino flux observed at the detector. We fit this data point using 2 parameters, the anomalous flux deficit and θ 13 . Therefore we have one constraint on two unknowns, and so there is a 1-dimensional curve of solutions with χ 2 = 0. To reproduce the value of θ 13 reported by Double Chooz in Ref. [21] one would need to also impose an anomalous flux deficit equal to that measured by Bugey4, which according to [13] was about 6% but according to [21] for the isotope fractions at the Chooz reactors was about 8%. While Bugey4's flux measurement does represent a typical value of the reactor anomaly and while its errors are relatively small, we will not adopt this strategy. The flux deficit will instead be left as a free parameter in all plots, which can then be compared with the reactor anomaly determined not only at Bugey4 but at all very short baseline reactor experiments and if desired gallium experiments and RENO. We have performed our analysis without using RENO's preliminary theoretical flux. Our results are illustrated in Fig. 1 . The right panel is a combined fit from the three experiments. The corresponding ellipse is nearly horizontal, implying that the reactor anomaly and θ 13 are nearly decoupled. This decoupling is a result of the fact that the only information on the absolute normalization of the flux comes from Double Chooz, whose errors are quite large. Therefore the preferred value of the reactor anomaly is about equal to that of Double Chooz, and the preferred value of θ 13 is nearly a weighted average of that obtained at the three experiments. If in this case one ignores the small correlation between the reactor anomaly and the mixing angle, then the analysis will be reasonably independent of the flux normalizations. With this approximation we would reproduce the analysis of these three experiments performed in Ref. [31] .
However if we include the preliminary flux normalization reported by the RENO collaboration in their talk [23] then we find by far the strongest evidence yet for a reactor anomaly, as seen in Fig. 2 .
One may try to incorporate the above 1 km baseline fits of the mixing angle θ 13 and the reactor flux deficit with complimentary data from the flux normalization-independent analysis by Daya Bay [18] , the reactor anomaly at short baseline reactor experiments [13] , the neutrino deficit observed at gallium experiments [4] and global fits of experimental data more than 10 months old [24, 25] . The Daya Bay data is easily analyzed in this framework. As it depends only upon the mixing angle θ 13 , the confidence intervals translate into a simple horizontal stripe on our Figs. 1 and 2 . Similarly the short distance reactor and gallium anomalies are independent of θ 13 , and so they correspond to vertical stripes. The global analyses are somewhat more difficult to adapt to our setting, in which the reactor flux normalization is not fixed. However Ref. [24] produces confidence intervals for θ 13 for both the new reactor fluxes of Ref. [12] and the old normalization, which corresponds to a 3-3.5% lower flux. An adaptation of the global analysis of Ref. [25] to an arbitrary reactor anomaly is more difficult. The mixing angle cited in their abstract includes a fit of short distance reactor data which effectively already changes the flux normalization. Only the mixing angle which they quote in their Eq. (3), in which short baseline reactor data is excluded, uses the flux normalization of Ref. [12] . It is consistent with the analysis of Ref. [24] for this flux choice.
In Fig. 3 we have plotted the 1 and 2σ allowed regions obtained by combining the results of Double Chooz, Daya Bay, RENO, Chooz, Palo Verde, very short baseline experiments and gallium experiments with and without RENO's preliminary theoretical flux reported in the talk [23] . This figure illustrates that kilometer baseline reactor experiments may provide the most convincing evidence yet for a reactor anomaly. For now this result is highly dependent upon preliminary normalization results from RENO, a situation which will be remedied when Daya Bay's flux normalization analysis is complete.
4 Theoretical models of the anomaly
The Sterile Neutrino Solution
The reactor and gallium anomalies are disappearance anomalies. Less electron antineutrinos are observed than are predicted by theoretical models. One consistent explanation is that the models are wrong. In particular, the theoretical calculations generally have uncertainties of order 2.5%, and so even if a deficit of 5% is confirmed the tension with the theoretical calculation will only be 2σ. In the remainder of this note we will consider the other possibility, that the anomalies indicate new physics. The central question is then, what kind of interaction may be responsible for the disappearance?
The simplest explanation would be an interaction. Perhaps the antineutrinos are simply absorbed as they travel, into the vacuum or the Earth or a dark matter or dark energy field. In this case one would expect the neutrino density to fall exponentially with the baseline. This is not observed. The anomaly at the 100 kilometer distance scales probed by KamLAND is too small to be measured, while it is been observed at the 5% level at numerous experiments with baselines below 100 meters [13] . Therefore the disappearance cannot be caused by simple absorption. The anomaly appears to saturate at a short distance.
How can the anomaly saturate? How can the neutrinos know, after traveling 20 meters, that they have already been absorbed sufficiently and now they should no longer be absorbed? The only apparent causal explanation is that the neutrino beam travels coherently with another beam, which contains the information concerning how many neutrinos have disappeared. The simplest realization of this idea is that the electron neutrinos oscillate into another kind of neutrino which then oscillates back, and so the neutrino density reaches when the ratio of these two kinds of neutrinos reaches a critical value. Either the new neutrino mass is above the electroweak scale or else LEP can exclude that it interacts weakly. Strong and electromagnetic interactions for the new neutrino are already excluded by the fact that it can travel through the Earth as far as, say the KamLand experiment. Therefore the new neutrino is sterile with respect to standard model gauge interactions, although of course dark force interactions are not ruled out.
A new kind of neutrino may sound like a big assumption. However, if any fermion is neutral under the standard model gauge symmetries then Yukawa interactions with neutrinos and for example the Higgs field h are marginal and are not forbidden and so are expected. Once such an interaction exists, whatever the nature of the fermion, physicists will call it a sterile neutrino. This is just one possible coupling, that corresponding to the lowest dimensional operator. To distinguish it from other couplings, one needs an energy dependence analysis of the anomaly. Such an analysis is just barely beyond the reach of current Daya Bay data. As soon as they understand their nonlinear detector response away from 2.5 MeV and have accumulated more data, it may be tested.
What properties must the sterile neutrino have? To explain the anomaly is quite easy. To have the right percentage of disappearance one need only fix the mixing angle to be of order 5 degrees. The shortest distance reactor and gallium anomalies indicate that the disappearance has saturated by the time the neutrinos have traveled 10 meters, indicating a sterile neutrino mass above 1 eV. This is all that is needed to be consistent simultaneously with the reactor and gallium anomalies at short baselines and also with limits on neutrino disappearance at longer baselines. If one allows mixing between sterile and muon neutrinos then this can also explain the anomalous 1 − 2 oscillations at LSND [6] and MiniBooNE [7, 10] , although some tension remains with MiniBooNE's lowest energy bins.
Cosmological Constraints
The large sterile neutrino mixing angle required by these anomalies implies that sterile neutrinos will be in thermal equilibrium in the early universe (for recent analyses see [37, 38] ). After they decouple, the sterile neutrino temperature and therefore energy density may be calculated as a function of time. The energy density impedes the formation of large scale structure (LSS) at scales below the neutrino free streaming length. This can be compensated by increasing the matter fraction Ω m . Type Ia supernova data then prefer a lower value of the dark energy equation of state w whose extra acceleration compensates for the deceleration caused by the additional matter.
However a larger Ω m means that there was less time t r before recombination. To see this, use the fact that since then the Universe has been matter dominated together with the Friedmann equation to find t r (Ω m )
As a(t r ) is fixed by a simple thermodynamic argument together with the CMB temperature, one sees that as Ω m increases, t r decreases. As the primordial plasma lasted for less time t r , its perturbations do not travel as far before recombination, and so the baryon acoustic oscillation (BAO) scale is smaller than it would have been with massless neutrinos.
This change in absolute size of the BAO scale is not in itself in contradiction with observations as it is not the absolute scale which is measured, but rather the angular scale and redshift depth. The measured scale can appear larger, to preserve agreement with observations of the angular size of the BAO peak [39, 40] , if the observed galaxies are closer. As the redshifts of these galaxies are known, they will be closer if the function z(t) is increased. Equivalently the BAO angular scale can be recoved if dz/dt is increased, which at each redshift is equivalent to increasing the Hubble scale
As a(t) < 1 it is clear that if w increases then H increases, decreasing the time that light has traveled from these galaxies. This results in an increased angular size of BAO features. Thus a larger value of w makes a smaller BAO scale appear bigger and so makes a large value of Ω m compatible with BAO observations. In summary, while reconciling massive neutrinos with supernova requires a smaller value of w, baryon acoustic oscillations require a larger value. This tension provides the strongest cosmological bound on neutrino masses.
Some of this tension is relieved by the presence of an additional flavor of relativistic neutrino at high redshift, increasing the number of effective flavors N eff to about 4. Even if the extra flavor is massless, the preferred dark matter density will increase by about 17% [17] in order to preserve the redshift at matter-radiation equality
which is well determined by the CMB power spectrum. Increasing N eff from 3 to 4 increases the denominator in (4.3) by about 12%, compensating for most of the increase in the numerator. Now when the sterile neutrino masses are turned on, the additional dark matter already somewhat compensates for the free-streaming suppression of medium scale structure.
Satisfying the cosmological constraints
We employ a modified version of CosmoMC [41] to constrain the sterile neutrino mass by performing a Markov Chain Monte Carlo global fitting analysis with the current observations, which includes the 7-year WMAP temperature and polarization power spectrum [42] , the Union2.1 sample of type Ia supernova including systematic errors [43] , BAO distance ratios from SDSS DR7 galaxies [40] , and H 0 [44] as recently measured by the Hubble space telescope. Since the neutrino masses and the dark energy equation of state lead to correlated effects, we have compared the sterile neutrino mass limits obtained within different dark energy models: the ΛCDM model and a model with a time-dependent dark energy equation of state w(a) = w 0 + w a (1 − a) .
In the dynamical dark energy models we eliminate the divergences in dark energy perturbations that occur when the dark energy equation of state w crosses -1 using the algorithm suggested in Refs. [45] .
First, we determined the compatibility of neutrinos of the desired mass with our cosmological model. While the reactor anomaly can be caused by sterile neutrinos as light as 0.5 eV, such neutrinos would be irrelevant at the short distances probed by the gallium anomaly. Similarly 1 eV neutrinos yield a somewhat better fit for the LSND and MiniBOONE anomalies than 0.5 eV neutrinos, considering the bounds on the mixing angles from other experiments. Assuming that there are 3 massless neutrinos and 1 (sterile) massive neutrino, we confront the model with current data, and in Fig. 4 we plot the 1-dimensional frequentist probability distribution of the sterile neutrino mass. By fitting with different dark energy parametrizations, we obtain 2σ constraints on the sterile neutrino mass of m ST < 0.8 eV , and m ST < 1.1 eV respectively for ΛCDM and for time-evolving dark energy models. In the ΛCDM model, the 0.5 eV sterile neutrino is compatible within 2σ and the 1 eV model, preferred by neutrino experiments, is excluded by more than 2σ, while the tension between these observations and 1 eV massive sterile neutrinos can be reduced within the dynamical dark energy models.
To better understand the cosmological consequences of massive sterile neutrinos, we then restricted our attention to 3 flavors of light active neutrinos and a single 1 eV sterile neutrino. We found that cosmology prefers a larger dark matter density ω cdm = Ω cdm h 2 and a lower value of w a than in the massless case with no sterile neutrino. Our mean preferred values and 1σ constraints are w a = −1.681 ± 1.136, ω cdm = 0.138 ± 0.005, which can be compared with the no sterile neutrino case w a = −0.862 ± 1.009, ω cdm = 0.116 ± 0.005.
In Fig. 5 we plot the cross correlation contours of w 0 and w a with and without 1 eV sterile neutrinos. The red solid and the black dotted curves bound the 1 and 2σ-allowed regions with and without the sterile neutrinos respectively. The red contours are shifted towards a higher w 0 and a more negative value of w a as compared with the black contours. This means that a higher value of w is preferred at low redshifts, where BAO data dominates, and a lower value at redshifts beyond the reach the SDSS large scale structure surveys, where supernova data dominates. The redshift dependence that we found is much stronger than that found in Ref. [46] , reflecting the fact that the Union2.1 supernova dataset that we used contains about twice as many supernova at redshift z > 1 than the Union2 dataset [47] used in their analysis.
Note that our solution to the cosmological constraints is deep inside of the quintom regime [48] , as w a is far from zero. It may be that it only provides a fair fit to the data because BAO constraints are weak at high redshifts, beyond the distances at which luminous red galaxies have been surveyed. However the steeply sloped dark energy equation of state in such models strongly favor a very large BAO acoustic scale at high redshifts, a prediction which will soon be tested.
As one might expect, more radical solutions can be yet more compatible with the cosmological data, such as a high sterile neutrino initial asymmetry [38] which can prevent sterile neutrinos from thermalizing [49] or a modified theory of gravity [50] . The suppression of small scale structure formation can be compensated by including extended objects in the early universe, such as cosmic strings [51] or giant monopoles [52] , obviating the need for an increased dark matter fraction. Nonstandard matter effects may also be responsible for these anomalies, for example in Ref. [53] the authors used sterile neutrinos with masses within cosmological bounds subjected to nonstandard matter effects to explain the LSND and MiniBooNE anomalies.
The tension may also be eliminated altogether if the sterile neutrino couplings are environmentally-dependent [54] , for example in a chameleon model in which the sterile neutrino mass is proportional to the density of its environment. It was argued in Ref. [30] that, in the case of the couplings here, such models are consistent with both precision gravity and equivalence principle bounds. LSND, MiniBooNE, reactor anomaly and gallium anomaly experiments all have a significant fraction of the neutrino baseline inside of dense media like the Earth and detector shielding. If the sterile neutrino mass is proportional to the background density and the sterile neutrino mass is of order 2 eV inside of the Earth then in space it will be relativistic at all times since decoupling from the primordial plasma. Thus, so far as big bang nucleosynthesis, structure formation and CMB and baryon oscillations are concerned, the sterile neutrino is massless and all cosmological bounds are easily satisfied. In fact, the addition of a massless neutrino in general improves the cosmological fits compared with with the ΛCDM model.
The fact that about half of the LSND and MiniBooNE baseline is air means that the required neutrino mass will increase to about 2 eV, which is still compatible with constraints from beta decay. However, as the KARMEN baseline has a higher fraction of air, the historical tension between LSND and KARMEN will be reduced. This dependence upon the material in the baseline may be quite easy to test. A minimum amount of shielding is always required around a detector, however this can be thinner in the path followed by the neutrinos. Of course, nuclear power plants themselves always have shielding, and it may be that this shielding is already sufficient for the anomalous oscillation to occur. In this case, gallium experiments may be a more promising setting to test the environmental dependence of sterile neutrino masses.
Conclusions
Combined with cosmological evidence for an additional relativistic degree of freedom before recombination, the very short distance reactor, gallium and LSND/MiniBooNE neutrino disappearance anomalies provide an ever more substantial argument for a heavy sterile neutrino. While neutrino disappearance has also been observed at baselines ranging from 100 m to 2 km, it has not been so far possible to determine how much of this disappearance is attributable to 1-3 neutrino flavor oscillations and so it has not been possible to use these experiments to support or refute the reactor anomaly hypothesis.
With the flux normalization independent precision measurements of the 1-3 mixing angle at Daya Bay and RENO the degeneracy between the reactor anomaly and θ 13 has been broken. Therefore, although these experiments provide only moderately precise measurements of the flux normalization themselves, their determinations of θ 13 may be applied to all neutrino oscillation experiments with baselines longer than 100 meters to determine just how much 1-3 oscillation has occurred, and so what remaining signal is anomalous. This could allow a more precise reanalysis at accelerator experiments such as T2K and MINOS. In this note we applied them to the simpler setting of the short baselines reactor experiments themselves. By combining the disappearance results of Double Chooz, Daya Bay and RENO we were able to simultaneously fit θ 13 and the anomalous disappearance. We found that these experiments certainly do not exclude a reactor anomaly and indeed lend it some additional support.
Our results are still strongly dependent upon assumptions concerning the theoretic flux at RENO and are bounded by the statistical error at Daya Bay. However both of these shortcomings will remedied by data soon to be released by these experiments, and then we expect that an application of such 2-dimensional fits to the new data will provide a somewhat more precise determination of the reactor anomaly, complimenting the scheduled very short distance measurements.
The theoretical errors in the normalized reactor fluxes remain quite large. And so even if the existence of a reactor anomaly may be convincingly demonstrated in the near future, it will be much more difficult to determine whether it is attributable entirely to error in this calculation or else to new physics. Indeed it is quite plausible that a convincing determination will require inputs from cosmology, which are only weakly dependent upon mixing angles and mass differences but are rapidly providing a more convincing case for a sterile neutrino and potentially, in a few years, a value for at least the total neutrino mass. Therefore we have in this paper also attempted to analyze the consistency of sterile neutrino models with cosmological constraints.
Until last year, CP violating anomalies suggested that there be at least 2 flavors of sterile neutrinos, which were in general strongly disfavored by cosmological constraints. Evidence for CP violation in neutrino anomalies has since weakened appreciably, and so now models with 1 flavor of sterile neutrino provide reasonable fits to experimental data. The best fits are obtained for neutrino masses near 1 eV. As we have reviewed, in a ΛCDM cosmology such massive sterile neutrinos are essentially excluded, and even allowing a constant dark energy equation of state w they cannot be made simultaneously compatible with BAO and supernova observations. However we observe that the various constraints on neutrino masses are relevant at different redshifts. BAO constraints are tight at low redshifts z ∼ 0.2 − 0.3 and supernova constraints are tighter at higher redshifts, in particular using the Union2.1 dataset which includes many more supernova at z > 1 than its predecessors. Therefore, at least for now, a strong redshift dependence in w significantly reduces the tension between these cosmological constraints, while making strong predictions for future, higher redshift, large scale structure surveys.
Further we found that the tension may be eliminated entirely by noting that all evidence for massive neutrinos occurs inside of dense media whereas constraints on neutrino masses occur in much lower density environments. Therefore models in which the sterile neutrino mass depends on the background density are consistent with both. These models have the additional attractive feature that they explain the observed anomalous oscillation at LSND despite the negative results at KARMEN. While KARMEN's total baseline is more than half of that of LSND, LSND has appreciably more dense shielding. The density weighted baseline at LSND is appreciably higher, increasing the amount of oscillation expected at LSND with respect to KARMEN. More importantly, such models are easy to test, in particular at the next generation of small experiments designed to test the reactor anomaly. Changing the ratio of air to shielding between the reactors and detectors when possible, or otherwise changing the density of the shielding will in general affect the neutrino oscillation probability in such models, allowing them to be easily excluded in the near future.
